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. A?xmuth nnd astronomic latltudc can<be dutulnxned usxn& AHLP(lnlerldL)pn sthaurs., New applications an,
hﬂPVL\LnL and pgodesv uppcﬂr as Lhe accuraey- of the det Lerminatons me:uve. unuphivsidal applicatsons require
hth pxccxhxnn SENSOrs opur1t1np‘1n a, cwrufullv cunbamllud em ironnent. Laktuk\chle,haLlunn of pular,
’ kobblc mxgh& he feasxbluabb monitoring aszu&h and asLivhumi ¢ lx‘ntudu in 5euphvb)cal ob“cr\a;qucs. .
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7 The. schsobs. OF an. inertial nav1g1t10n ggbﬁcm are ats nccelcramctvrs fUY’mLaqulnL»hpcclflL forces and- 1ts
Lyrosuopcs for neasuring -ifiertial. roiatxonq and nnlntalnlng a. coord: ate system.. -Ahothier typé -of scnsor
h: is_now béing- dev;lopcd for-the- next pcneratxon of inctlial- avxgutxun systems is the. gravtty gradxom-
All oi lhese ‘sen.ops also- hqve nppl:catxons fo ,ux\cyxn;w nd. geophysics, Gruvxmcter% are- aceelers
rt long becn xmportant tonls ofl. gLOdeblaLh ahy gcophyy‘gx~tsh Probabl) the fxrst measurencnt . <Hs
-of the uccclcratxon of igravity was that of Christianslluygens. {162941695) who used .a- pendulum gravxmutur.4 ‘The.
fi"‘t fxcld,“ asurements of” gravxty for gcodctxc punpuxua wepe, perforncd ai the hlneteenth Century and' the
inclogy of grivi iy has dcvclopcd chcnslvulv ‘singe then, The first labo“atoxv yersion: ofxaagravxty
adiofieter; a tofsion. balancc, was built by Baron-Roland Eolvos in 1888: In 1898: Eotvos built the first -
field gfﬁvi@y~gﬁgdieﬁ 'torsxon balnnce and, over thc anL ‘half ccntusy, a ldrgc numberrof field. torsion, .
balanccb ‘Were buxli c mmercxally and ﬁed by cxploratlon gcophysxcxsts. But ‘the gyrosconc, which' is.n
oné-of § Severil klnda of ineftial rota on‘sensors, ‘has thad’ scant wse by surveyors -and" gnophys:cxsts.
& ntxnucd dpvelopmen{lof:gyroscopcs other xnﬁrtxal ru{atxon $LNsSo -they- ‘are. now. coming Lo the attcntxon
o thc -earth. sciehtists who -canigée’ many £ru1quI‘dpplxcat10ns of inertial - rotatxon*tcchnology 1o their .
‘ 1nves§12a%zb §5 The puxposc of this.presebtation is to dlscuss some- of ‘the. opportunities .andi lim 1tq§jqn$~pf
urv <“nd Leophysxcal measurements&rvth 1ncrt1a1,rota£10n sensors. '

« - [ -

] nit the. scope ‘of this d1scuqqzon to. those applxcat1ons‘xn ~which the 1nertlaL rotation: scnsors
e op aﬁedlat observxng ‘sites that do- not move with. respect Lo, the, carth 's supfaces 1In thelr operations,
ors- may be "strapped doan" to- the carth ‘or they:may r tate about a«flxcd poxnt (null-seekxng, for-.
e )y but Lhcy do,not chnngu ‘their geographxc locations ng an- obucrvatxon. This +excludes thcAAnerf1a1
1ng svatems which - “werg thc)pr;ncxpal suchcts of the Eirst Interndtlonal ?{Tbosxum:dnf nertxal Tuch-
“Géojd\esy' which-was- hcld in. Ott: awa .on- chber § 114, 1977, Thessensor: cnvxronment
'for 1nertlal Bavxgatlon or~posztxon1ng systems bgcause it 18.not eApOSnd -to. all the
shukes and thters of a ovxng ase. -0n the other’ ha d; for-surveying erld neasurements the: sensor-inay. have
tq thhstand faxrlv\rough trcatm t durzng tran;port betwcen obscrvatxon nxtcs and' it, wxll ‘have to- operatc in-

th ope .gb;genth' eal muasurumcnts “éan. only be fcaszblc in-a. care-
Fully:controlled abor ‘

AT

) :exam

e

iohg s AZiuth. - - o .o .

E P oy

. T&ent)"fxvc years ago, 1 bpent part of(a bcautxful -supmér in Nova-Scotia lcarnxng the eléments of, gcolog1-
" .¢al su 1nstructor. Pro i olund Parks of “IT, ‘s -an expcrxenced m:nlng geologtst. that exp]axncd
his emphasxs -on- the technxquc of cstablxchxng naznuth in-a.aihe By "1xp’l:ng inM. -Oup.fine was a thrcenstory
) and-.oup mlne shafts ‘were - holes ‘through thc floors. e suspended nair: of plunb 1ines. down # shafg and
"jgggled 1n" -a thcudolzte at d:ffercnt lchIs untxl {he two plumb lxncs weré 9upornosed.«or lxned ups rhxs,
Piéf. P‘rks told us, Was. how m1n1nn gcolokxsts and cngxnccrs carried an. a/zmuth rcfrrcnce‘down into & mine,
" He told us, if fact, tha there was ‘no ‘betier -way -of dctcrnxnxng an’a71nuth in-a-mine.and that.accurate
- survcyxng was very lmportant in, some-mines such a5 -the- copper . mines under Buttc< Hontana, wheke, there: yg;el
mg;ﬁ;ple claxns a Ty how.and: thcn -an 1naccuratelv sur»cv;d mxne,would e extended into:a:neighbobi
claxm. ‘When the owner of the - nclghbor:ng Jaim dxscovcrcd ouch an infringement. there. anvariably resul cd:sa.
and lois- uf lzt'gatnun. The : only thxng lhat 1 found: acadcm:cal’v Jess. rcward:rp Lhdn "ngglxng Adnt
irougli-pages of surveying calculntxons using. log: Lnb]c%. Thus L‘concluded Ahat. L,
rofessionally, but {hat maybe: 1 oupht to combine a degree in- mining-peology- with.a
gcf rlchsfrom other peoplc' bn(‘a imuthse nad i fol)o“cd the naLh of forcnsaé geolopy,. T
wvdlthy anq rcudy tO‘Petle. “und. t ould be none, too - soon bccuusc thc nun;arzun Optical’.h
fes-a . family -6f ‘gyroséopic, thcodolxtes. somL of.. mhlch afe dxstrtbutcd in thes West and alL of
. s ide muh B 1tcr undcrground'azxm ths tha w'nggllnp ini, An the near futuro. azzwuth dctermtna-
't1nns for surveying applxcat)ons mxght'be madc usxng fiber xntcrfcromcler rotutxén sensops, hhach ¢an befmade
anpac;, réliable, cffxcg ni und' rclatxvely 1ncypensch Perhaps - 4nothcr u:nd'of ineptial rotatlon,senson;‘
- Wi e ou£ Lo b¢ More - suxtablc Tor-a field instrumes . "but, hownver t is. donc, there are many nccdsh
;yiﬁéludzng doiwn in thc mlnes.,for azimuth- sureeys,

orks.

~ ¥

B .

I72 /‘SPIE Vol. 157 Laser Inértiel Ro!anan Sun ril 978/




e T T A T 2 v
s S SRR YN R e T AR TR s AN R e T %)
it 3 . < 3

2
.
B
.
o M
= = |
E X Z9
wi - - O
<z N
= 3z °
. -_——— U E:
L
m - -2 0@ s
2 2XI2ZD |
@ Qo <=z u .
: = T g3 n
< su kb o B
(& O | O na ;
) S <X O M
3 = aouwcE
i —_ 0O 0= L
_,w.mw. = < (] - .
aw”w

5
#
]

F3

Y
#
5,
|2
:

s

5,
>

.
RV
A

e

2 1%,
W

f
o



Yo

o
b

C o T
G dls San’

. SURVEYING AN(] GEOF:iy SICAL MEASUREMENTS WITH INEHTIAL BOTATION SENSORS e }
3 . X B4
;
. 1F an ideal inertial rotation ~,n,ur. te at Jatatwde © ui‘ a rigad spherreal carth, amd it is aligned with T
. i inpul asis level and o the pilae S8 the loenl meradian (northesuwuth)y it will misure the rotation rate 3
T g wta kowbere we is 1 RRY (uu‘u- rale ubil) which 1 300° per sidereal d Wy 16V04 per second of time, If 3
) the Inpat akis is kepl level and retated throuph a vight angle ou that it §s paralle! to the cguatorial pl'me .3
b8 : fe tewest), iU Wi mescanie o o2ore patation tato, I the precision of the sepsor s Loy then its res snintion ~'§§
@ s tonding the eaatew bt direction Gand, dres bhat, 'aiy ctner azimuth) g Gwiued @ oc 3 raians. For example, N
g‘é_ A titwde 457, patation pate setaor whobos precsse to 1070 Lho could bu swchansied o resvlve azinuth %
g vo 20" The time LU takes Goomahe an asnuth measurencnt doeads on the proccduie, wad there are tany possi- &
& bilitiv . (Tor instance, vbe sensor mipht totate in gandbal wk.np a null or two nepsors with erthoponal
f» X Yoo Ted nput axes might be ured in o "t apped down™ contaguiation with a microprocesesr to culeulate thein - 3
g . wroentarion from their signali,) Bhal i« teasunable tiae to allow for a measurement depends wn hoy good H
E the meaturement must be. For ome of the ctader naoutements, anything more than a few minutes. mpht ‘be too . ;§
g Voag, while For a Piest-opder Lgud«.l\ Rea~tit e nt which cmwanmu.ﬂly requires two sitghts of stcllar obser= e
g vations, a full dud per meakitbemehl is Loierable. "
7, T * . - N N ,
£ bne relatively low adcuracy requircment for azimuth 1s 1he measurement of magnetic declination for Lhe 3
g’; Chlspae s’ 1Ose ‘ul‘ navigational charls. In the contiguuas Boited Slateas, the ‘dectinativn changes sccularly by ,,
A up o about 3' per year (6' pur- yeal in tada)ioan l.uxnpc the matimun 1ate is abuut 10’ per year. Because
%4 61 heoo changes, there is 1ittle value 1 acaur tup 4ruc nertho more accurately than 10 for compass rose ¢
3 applicatiens. The DMA GSS (Nefun.c Mapping Agency Geodetiv Survey Squattoun) deibuth aceuracy requirement for 3
:f the compass rose is 1' to 2'. To arrive al the declination of an mirfield, say, individual declination detep- o
N finations baveé to be made at multiple sites because of lucal m.q,hct.xc anomalics.  Each determination consists -3
b n! a neasurement of true north and magnetic north, and the magnetic north measurement as much the easier one.
PR ing inertial rotativn sensors, these noasurchonts could be convenicntly done by an uns killed surveyor using §
}F : a "black box" device. At the 1*' to 2' Jevel, inertial azimuths are much mote reliable than magnetic aaxmuths, 3
b -0, if a surveying instrument could be produced which measures inertial azinuth rng:dly and ac.n.urately <
i’,’ Lk cnough to compete with a magnetic compass, i1t would )'m-c many uselul applications for reconnarssance -surveys. N
2] . : 7
. ?f f A \ur\cymg instrument which measufes azifuth with an accurawy of 5" would have furthér applications, It
J\, o could be used for mine surveying; it could be used for aligning the guidance system of a short range attack -3
i gn' ' missile; it could be used for alxgnmg aircraft navigational aids (e.g., 115 and VoR); and it could be used -
£ A with electfonic distance measuring equipment for making cceentric ties, for example, tying the top of .a hill
- ol to a valley geodetic contrul point which bas been established by satellite Doppler of thertial po>xt10n1ng
. surveys.
4
A surveying instruhent which measures azimuth with an accuracy of !" or better would be of great value to :
& geodesists,  For the GSS, fxrst-order gwdetxc surveys have azimuth accdracies of 190 o 1¥5 and second-ox‘der v
{ surveys have accuracies of 195 to 17, The most accurate astrohumic azimuth that the GSS can_now measure, . BN
ard it requires great effort, is 0Y6. At Lhe Advanced Inertial Test thoratory of the Central Inestial )
Guidahce Test Facility at Holloman AFB, the azimuth requirement for 1987 is 0¥2. With h1ghcr accuracies, the &
measurements hecome more difficul? and more subject to cultural and geophysical disturbances. Y
. .- v i " A )
L Surveyinpg Applications: _Astronomic. latitude ’ : f
§
The angle between the earth's rotatiun vector and At«. pwJectxon on the local level is the astronomic A
latitude. An ineftial sehsor with precision Aw could be mechanized Lo resolve astronomic latitude to &w/we H
! radians, The difference between the astronomic latitude and the geodetic latitude is the meridional deflee= 3]
tion of the vertical, an angle that can attain 30" (equivalent to 9256 m) in a few regions. Polar explorers
A measured the astronomic latitude to find the North and South Poles but, because of the variable deflection of 35
- the vertical, there is liltle requirement by most surveyors for astronumic latitude. Astronomic latitude is 33
4 principally of interest only to physical Lc()desn,t.s. geophysnicists and astronumers. Geudesists can measure &
% ) astronomic latitude with an accuracy of OV3, bul therfe are needs for easier or more accurate ways of deter- f%
& mining astronomic latitudé. Along the high speed test track at Holloman AFB, for example, asironomic posi- A%
> tions (latitudes and longxtude.s) and their corresponding deflections of the vertical aré accurate to 0Y3; the 3.
¥ requivement for 1987 is 0Y1. DMA and the Air Force Geophysies fuburatory are now sunpoerting a research and }
: “; development program to build a two color refractometer that wili be able to measure astronomic refraction to }
’;? E T 0Yl. Our goal is to be able to compensatc for astronumic refraction in astronomic pusition measurements, ?
B i { especially for measuring astronumic latitude. Such an instrumcat would prubably not by nceded if we could %
; %E %:,“ measure astronomie latitude to OY1 inertially. : - 4y
& s s . - o
?5 g ;’;4 Geophysical Applications: Polar Motion : ” 1%
o LA ]
e“,: g 9 The earth’s pole of rotation wobbles, nutates, preces.es and wandey s (2 2) and Lthese motions are obscrvable . :?‘
,' 5 by optical astrometry, lunar and artificial satellite laser ranping and VIBL (very=lung baseline anters ‘;
o v ' ferometry). Geophysicists are particularly interested in the wobble and nutation because their churacter=
= - isties (e,p, the wobble spectrum and nutation amplitudes) provide us informaution concerning the clasticity B
;‘ ? 5” of the carth's mantle and fluidity of the earth's core. Sufficiently sensitive inertial rotation sensors Jw
; ; f ‘eould be used to measure polar motion by trackmg azimuth and astronomic latitude from une or more fixed gk
e i geophysical obs«:rvatories. 2
B AT . x o .
.;:ﬂ ,,/ . . A . ! ;'?i
I Tt v . 3
g : 15
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Wiere 1ncrtlal rotation sensors might best contribute is in measuring the wobble whose spectrum has a:
sharp peak al 12 months (annual wobble) and a bread peak centered at 14% months (Chundler wobble)i the wobblé
amplstude funs Lo about 0¥3. A more difficult goal would Be to measure the near diurnal nutation which has
an avplitude of 0Y01. ‘The bust alternate appraach is VIBI which lkely will svon have a pele positioning

apability of about 0V003. Mo mateh the YEBE capabiluty, an inertial jotation sensor would bave to be
precise to about 1078 ERu,

:

P

,(,
i a s L SIS

o tantunres

-

At 1078 ERU there are a number of difficultics_to overcomne in scpurating true palar motions from appurent
polar nutions which are caused by local uffccls;(°} Fiest of all, the pier on which the instrument rests
might rotale: AL a Massachusetts inertial component testing fucility the asironomic azimuth of a referénce
cube on a pier anchored Lo buedrock was observed to vary with an annual period, a few months out of phasé from -
the mean anhual air temperaturc. The annual range was about 8", The retation bas buen ascribed to therial
and insolation effvets ol the local Lupograpby und the building., 1f the pter can be set in a deep vault so :
that it does hot rotate significantly with respect to the surrounding rock, then the whole rvgion fight

rotate s"cularly; a rotdlioh of ai least 0Y003 per yuur is gouphv\xcalxy quite admissible and, in some locas
tions, wvery likely.
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Any periodic or transient local tilting about an cast-west axis appears Lo the sensor as a component of.
rotalion perpendicular to the earth's rotation pole; the signal is identical to that of a temporal changé in:
azinuth, For the periods of interest the tilt rate of the sensor platform must either be kept less than 108

ERU or it must be monitored that precisely. Semidiurnal tidal tilts of the,carth's crust have rotation rates
of the order of magnitude 1077 ERU. A measuremebt of tilt relales the surface of a pier or platforfh to the
vertical, but the vertical varies at Lida' periods with respect to the mean vertical which is ibe reéquired:
reference for relating to inertial space. The semidiurnal vertical variations are dlmost as large-as thelr
corrcanundxng tidal tilts but they are of opposite phase. Diurhal vertical variations are alfost as large
ds senidiurnal vafiations, but diurnal tilts are relatively small. Nejther the tidal tilts nor -the vert1cal e
variatiohs -are easily predictable, especidlly near the coast wherd thé ocean tides result in periodic load)ng 2
and flexing of the cfust and mass attractibn variations, only the very best tiltmeters in the best installa= L
tiohs can marginally measure diurnal and semidiurnal tilting with a precision of 107 -8 ERU. The diurnal and "
semidiurnal variations ¢an be measured astrometrically, but not to 107 <8 gnu,

.
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Because of tidal problems. measuring near diurnal nutations with inertial schsors appears 1nfcasxble.

Nevertheless, with sufficient care, and & 10™° ERU rotation sensor, measuring the anndal wobble and chandler
wobble with 0.1% resolution appears feasible. .

«

Othier Geophvsical Applicdations .

Théie arén't any good ones that 1 ¢an think of. Combining measurements of tilt from tilt meters with .
measurciients of tilt plus verti-al variation plus nutation from inertial rotation sensors can give verticadl 3
variation plus nutation. There is nu semidiurnal nutation, so the semidurnal vertical variation could.be T

_ resolved, at best, to about 10% using a 10~ “8 ERU sensor. VLBI will soon he able to measure the length of &

1 day, veek, donth or year to 0.1 ms., For onc day, that is 109 ERY; and for ohe year that is 3 x 10-12 gry; }
An inertial rotation sensor with a vertical input axis would have to resclve roughly 10°1} ERU to detect %
s ¥ torsional geismi¢ modes eaused by rmajor carthquakes. I invite your suggestions of any applications that 1 i :
may have overlooked. . &
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